I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Long bone defects are a major problem in regenerative medicine.\[[@ref1]\] Approximately, 5--10% of all long bone fractures are bone defects, which delay union or develop into nonunion.\[[@ref2]\] Patients with long bone defects are afflicted by pain, surrounding joint stiffness, motor function loss, and possible disability.\[[@ref3]\] Therefore, it is imperative to identify an effective treatment for this disease.

Recently, several useful methods and drugs, such as platelet-rich plasma (PRP) and calcium sulfate (CS), are shown to play crucial roles in restoring long bone defects. PRP is a modification of fibrin glue from autologous blood and plays a key role in stimulating and accelerating bone and soft tissue healing.\[[@ref4][@ref5]\] PRP is considered an appropriate approach for treating bone defects when used in combination with certain specific biomaterials, such as bovine-derived hydroxyapatite and autogenous cancellous bone grafts,\[[@ref6][@ref7]\] but its success has been limited in bone regenerative therapy. In addition, CS is used as a bone graft substitute primarily in orthopedics and dentistry.\[[@ref8][@ref9]\] CS can fill bone voids and prevent fibrous tissue ingrowth, which accelerates bone healing in an osteoconductive manner.\[[@ref2]\] However, CS is confined to sites without substantial compressive loads due to its limited osteoinductivity.\[[@ref10]\] Despite considerable advances in discerning the potential roles of PRP and CS, little is known about the combined effect of PRP and CS on long bone defect restoration.

In this study, we constructed a long bone defect rabbit model using an osteotomy. Next, the long bone defect rabbits were treated with CS-PRP, CS, PRP, and recombinant human bone morphogenetic protein-2 (rhBMP-2), respectively. We evaluated radiographs, histological data, and bone strengths for the rabbits in each group. Our study aimed to investigate the therapeutic effect of CS-PRP on long bone defect restoration in rabbits. Our findings will provide a theoretical basis for future treatment of long bone defect.

M[ETHODS]{.smallcaps} {#sec1-2}
=====================

This study was conducted using a protocol approved by the Institutional Animal Care and Use Committee and performed in accordance with the Guide for Care and Use of Laboratory Animals.

Experimental groups {#sec2-1}
-------------------

Forty skeletally mature male New Zealand rabbits (8-month-old) weighing 3.5--4.0 kg were obtained from the Laboratory Animal Center of Chinese People\'s Liberation Army General Hospital and used in this study. The 40 rabbits were randomly assigned to the four groups: CS-PRP group, CS group, PRP group, and positive (rhBMP-2) control group. Notably, the commercially available powder form of CS is CS hemihydrate (CaSO~4~·1/2H~2~O). When the hemihydrate is mixed with water in the correct proportions, the hemihydrate become a fluid suspension and then completely precipitates until crystals of dehydrated solid CS are formed, in which 1 g of hemihydrate CS combines with 186 μl of water,\[[@ref11]\] suggesting that the volume of water must be more than 186 μl to form a workable fluid CS. Moreover, the previous study has been demonstrated that the powder (CS) to liquid (PRP) ratio was adjusted to 1 g of CS to 240 μl of PRP because of the viscosity of plasma and the platelet\'s volume.\[[@ref11]\] Considering that dissolution of CS hemihydrate needed a different volume of solvent, our preliminary experiments confirmed that it could be good contrast when 1000 mg of CS was dissolved in 300 µl of double distilled sterile water (CS group) while 1000 mg of CS was dissolved in 240 µl of PRP (PRP group). Therefore, rabbits in the CS-PRP group were implanted with 1000 mg of CS and 240 µl of PRP; rabbits in the CS group were implanted with 1000 mg of CS and 300 µl of double distilled sterile water; rabbits in the PRP group were implanted with 240 µl of PRP that was activated by thrombin and CaCl~2~; and rabbits in the positive control group were implanted with 5 μg rhBMP-2 (obtained from the Academy of Military Medical Science, Beijing, China) and 6 mg decalcified bone matrix (obtained from Institute of Orthopaedics, Chinese People\'s Liberation Army General Hospital, Beijing, China).

Platelet-rich plasma preparation {#sec2-2}
--------------------------------

The PRP was prepared from autologous blood using a two-step centrifugation process. Briefly, 3 ml of peripheral blood was collected from each rabbit\'s ears into tubes containing ethylene diamine tetraacetic acid (\[EDTA\], Gibco, Grand Island, NY, USA) as an anti-coagulant (1.5 mg/1 ml blood). The blood was immediately centrifuged at 1130 g to separate the red blood cells from the platelets and plasma. The supernatant composed of the platelets and plasma was collected and again centrifuged at 1130 g to pellet the platelets. The pellet was then re-suspended in a suitable volume of plasma for a platelet concentration equal to 8--10-fold greater than physiological levels. The concentrations of platelets in the whole blood and PRP were determined using an automatic cytometer (BC-3000, Shenzhen Mindray Bio-Medical Electronics CO., Ltd., Shenzhen, China).

Calcium sulfate-platelet-rich plasma preparation {#sec2-3}
------------------------------------------------

Dehydrated solid CS was prepared by mixing an α-hemihydrate powder at a water-powder weight ratio ranging from 0.27 to 0.30. Next, CS-PRP was obtained by mixing hemihydrate CS with PRP, and the powder (CS) to liquid (PRP) ratio was 1 g of CS to 240 µl of PRP. An available paste was obtained. Approximately 30 min later, the CS-PRP crystallized into a solid and homogeneous compound. The materials were sterilized using 25 kGy of ^60^Co irradiation before use in this study.

Operative technique {#sec2-4}
-------------------

As described previously,\[[@ref12]\] the rabbits received an intramuscular injection of ketamine (1 ml/kg) at the buttocks and lidocaine-induced local anesthesia to maintain respiration. After they were shaved, each rabbit received a standard sterilization preparation at the radius. A 4 cm vertical skin incision was made at the mid-anteromedialis radius. Mucoperiosteal flaps were gently raised to preserve the periosteum; a 12 mm long bone defect was then created via an osteotomy at the left radius. After implanting the materials, the residual periosteum was meticulously closed with 4--0 vicryl sutures using routine procedures. During the test period, the rabbits' general behaviors were constantly observed.

Radiography {#sec2-5}
-----------

Radiographs were immediately collected following implantation and at postoperative 4 and 10 weeks. An anteroposterior and lateral views of the defected radius were produced using X-ray to compare the serial changes of the healing callus and bone regeneration at the bone defect sites.

Histological evaluation {#sec2-6}
-----------------------

At 10 weeks after implantation, the rabbits were euthanized with an overdose of pentobarbital (40--50 mg/kg) for histological observations. Five rabbits in each group were randomly used for histological observations. Bone specimens were harvested from these rabbits, including the defective portion of the radius and the adjacent ulna bone. The resected radius was demineralized in 14% EDTA for 10 days, processed to produce tissue sections (4-μm sections), and stained with hematoxylin and eosin. Five middle bone defect sections were extracted from bone specimens in each group. Four visual fields were observed microscopically, which consisted of 1 random visual field from each group. The percentage of new bone formation was calculated as the new bone/total cross-sectional area (scaffold areas and new bone areas) using imaging analysis software (IPP 5.1, Olympus, Tokyo, Japan).

Bone strength analysis {#sec2-7}
----------------------

The bone strength was measured using a 3-point bending test on 5 cm long radial bone segments containing sites with defects. The bone segments were harvested from the other 5 rabbits in each group until the rabbits were sacrifice 10 weeks after surgery. The measurements were collected using a powerful compression instrument (MTS 858 Mini Bionix II: MTS, Albany, New York, USA). A harvested bone segment was positioned between two supporting jigs mounted on the instrument. Each jig was placed 10 mm from the resected margin. A 3-point bending test was performed using a 1 mm/min crosshead speed and 1000 kg load cell. Both the defect and contralateral sides were measured. A numeric value was obtained at the point of failure. The defect bone strength was quantitatively compared with the contralateral radius.

Statistical analysis {#sec2-8}
--------------------

The data of the percentage of the newly regenerated bone area and bone strength were expressed as mean ± standard error (SE). One-way analysis of variance (ANOVA) was performed followed by a Fisher\'s protected least significant difference *post-hoc* test using a commercially available software package (SPSS 10.0; SPSS Inc., Chicago, Illinois, USA). Statistically significant was defined as *P* \< 0.05, two-sided.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

General observation {#sec2-9}
-------------------

During the test periods, the rabbits appeared in good spirits, moving freely, and eating a good diet. Local red swelling, edema, and incision splitting were not observed 1 week after surgery. The incisions healed completely, and the sutures automatically fell off 2 weeks after surgery. No infections or inflammatory responses in the surrounding tissues were observed. The implants remained *in situ* through the rabbits' sacrifice.

Radiographs {#sec2-10}
-----------

In the immediate postoperative radiographs, the CS-PRP and CS groups exhibited a radiopaque shadow in the bone defect \[Figure [1a](#F1){ref-type="fig"} and [1d](#F1){ref-type="fig"}\], but no radiopaque shadows were observed in the PRP and positive control groups \[Figure [1g](#F1){ref-type="fig"} and [1j](#F1){ref-type="fig"}\]. At 4 weeks, the CS-PRP group exhibited substantial callus formation at the bone defect site as well as bridging at the defect site and host bone fragments \[[Figure 1b](#F1){ref-type="fig"}\]. These phenomena were similar to the positive control group \[[Figure 1k](#F1){ref-type="fig"}\]. At 10 weeks, the CS-PRP implant stimulated the cortical bone formation and partial development of the bone marrow cavity \[[Figure 1c](#F1){ref-type="fig"}\]. Implanting with a positive control yielded a bony consolidation and complete projection of the bone marrow cavity by 10 weeks \[[Figure 1l](#F1){ref-type="fig"}\]. The CS and PRP groups showed moderate callus formation, but bridging at the defect site was not observed at 4 weeks \[Figure [1e](#F1){ref-type="fig"} and [1h](#F1){ref-type="fig"}\]. Likewise, by 10 weeks, nonunion of the defect sites remained in the two groups \[Figure [1f](#F1){ref-type="fig"} and [1i](#F1){ref-type="fig"}\].

![Radiographs of radial defects in rabbits. (a-c) The bone restoration process in the calcium sulfate-platelet-rich plasma group. (d-f) The changes in bone defect for the calcium sulfate group. (g-i) The radius after treatment for the platelet-rich plasma group. (j-l) Restoration of bone defects in the positive control group.](CMJ-129-557-g001){#F1}

Histological evaluation {#sec2-11}
-----------------------

At 10 weeks, all of the materials implanted in the rabbits were completely absorbed. In the CS-PRP group, newly formed woven bone connected the host bone edges of the defect site \[[Figure 2a](#F2){ref-type="fig"}\], and the bone marrow cavity was partially formed \[[Figure 2b](#F2){ref-type="fig"}\], which corresponds to the radiographs. In the CS group, we observed substantial fibrous connective tissue (FCT) in the defect portion with only marginal woven bone formation \[Figure [2c](#F2){ref-type="fig"} and [2d](#F2){ref-type="fig"}\]. After treatment with PRP alone, new woven bone formed within certain regions of the bone defect \[[Figure 2e](#F2){ref-type="fig"}\]. Further, a substantial quantity of FCT was observed around the islands of the newly formed bone \[[Figure 2f](#F2){ref-type="fig"}\]. Cortical continuation, which exhibited a similar morphology to mature bones, was observed in the positive control group \[[Figure 2g](#F2){ref-type="fig"}\], and the bone marrow cavity was thoroughly formed \[[Figure 2h](#F2){ref-type="fig"}\].

![Histological micrographs for all groups at 10 weeks. (a and b) Newly formed woven bone and bone marrow cavity in the calcium sulfate-platelet-rich plasma group (the black arrow indicates the bone marrow cavity). (c and d) Substantial FCT and marginal woven bone in the calcium sulfate group (the black arrow indicates newly formed woven bone). (e and f) Little woven bone and substantial FCT in the platelet-rich plasma group (the black star points toward newly formed woven bone; the black arrow shows the FCT). (g and h) Cortical continuation and bone marrow cavity in the positive control group. FCT: Fibrous connective tissue; NB: Newly formed bone. a, c, e and g: HE staining, original magnification ×1.25; b, d, f and h: HE staining, original magnification ×200.](CMJ-129-557-g002){#F2}

The percentage of the newly regenerated bone area was 84.60 ± 2.87% in the CS-PRP group, 12.34 ± 2.17% in the CS group, 16.52 ± 4.22% in the PRP group, and 52.21 ± 4.53% in the positive control group. The results of one-way ANOVA showed that statistically significant differences existed among the four groups (*F* = 89.62, *P* \< 0.001). The pairwise comparisons between groups showed the CS-PRP and positive control groups displayed more bone formation than the rabbit groups treated with CS or PRP alone (*P* \< 0.001). Interestingly, the CS-PRP group exhibited more stimulated bone formation than the positive control group (*P* \< 0.001). The bone formation between the CS and PRP groups did not differ significantly (*P* = 0.42) \[[Figure 3](#F3){ref-type="fig"}\].

![The percentage of new bone formed in the bone defect in different groups. \**P* \< 0.05.](CMJ-129-557-g003){#F3}

Bone strength {#sec2-12}
-------------

The bone strengths were 43.10 ± 4.10% in the CS-PRP group, 20.10 ± 3.70% in the CS group, 25.10 ± 2.10% in the PRP group, and 49.50 ± 3.90% in the positive control group at 10 weeks. The results of one-way ANOVA also showed that statistically significant differences existed among the four groups (*F* = 15.82, *P* \< 0.001). The pairwise comparisons between groups showed the CS-PRP and positive control group radiuses presented greater bone strengths than the CS and PRP groups (*P* \< 0.001). The bone strength in the CS-PRP group did not differ significantly from the positive control groups (*P* = 0.21) or between the CS and PRP groups (*P* = 0.33) \[[Figure 4](#F4){ref-type="fig"}\].

![The results of 3-point bending tests at 10 weeks for all groups. \**P* \< 0.05.](CMJ-129-557-g004){#F4}

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

Currently, treating long bone defects is a hot topic in the medical field.\[[@ref13][@ref14]\] The radiographs and histologic micrographs in this study exhibited better bone restoration at the bone defect sites in the CS-PRP and positive control groups compared with the CS and PRP groups. The CS-PRP group exhibited the greatest percentage of the newly regenerated bone area among the groups. The radius bone strength in the CS-PRP group was significantly greater than that in the CS or PRP groups.

Our results showed that the newly regenerated bone area percentages were greater in the CS-PRP group compared with the CS and PRP alone groups, which indicated the acceleration of bone regeneration by CS-PRP in long bone detect restoration. Intini *et al*. showed bone regeneration in a rat calvarial critical-size defect for a CS-PRP group, but no bone regeneration was observed in the CS and PRP groups.\[[@ref11]\] In addition, better bone regeneration in teeth has been shown in a canine model after treating with CS-PRP compared with CS alone.\[[@ref15]\] In addition, Cui *et al*. exhibited abundant callus, bridging, new woven bone, and bone marrow cavity at bone defect sites in an experimental study using rabbits, which indicates effective bone healing.\[[@ref12]\] Another study demonstrated complete defect bridging with callus and full cortical bridging with medullary cavity development in a rabbit radius defect after treatment, which resulted in fully mature bone restoration.\[[@ref16]\] The radiograph and histologic micrograph results in our study suggest that CS-PRP may promote bone restoration through stimulating generation of callus, bridging, woven bone, and bone marrow cavity. Moreover, research shows that CS-PRP promotes controlled release of osteogenic factors, which accelerates bone regeneration.\[[@ref17]\] Based on our results, we speculate that CS-PRP may treat long bone defects through releasing osteogenic factors to induce bone regeneration and may be superior to CS or PRP alone for long bone defect therapy.

In addition, our bone strength results for the CS-PRP group showed enhanced strength in the newly formed bone compared with the CS and PRP groups. Certain investigators have noted that increased bone strength indicates a good level of bone regeneration within a segmental bone defect area.\[[@ref18]\] CS-PRP exerts a positive effect on bone strength after gradual reabsorption and is considered a suitable candidate for restoring segmental bone defects.\[[@ref19]\] Hence, we surmise that CS-PRP may exert a therapeutic effect on long bone defects via enhancing new bone strength. However, our results showed no significant difference in bone strength between the CS-PRP and positive groups \[[Figure 4](#F4){ref-type="fig"}\]. Research shows that BMP-2 can stimulate bone mesenchymal stem cell formation and differentiation.\[[@ref20]\] Luca *et al*. showed incomplete regeneration of a rabbit radius defect treated with rhBMP-2 at 8 weeks with composite leakage from the defect.\[[@ref13]\] Hence, rhBMP-2 may play a key role and the role same as CS-PRP in determining bone strength during long bone defect restoration.

In conclusion, our study indicates that CS-PRP acts as an effective treatment for long bone defects by stimulating bone regeneration and enhancing new bone strength. Furthermore, the therapeutic effect of CS-PRP is superior to that of treatment with CS or PRP only. CS-PRP may be a promising and suitable candidate therapy for restoring long bone defects. Nevertheless, further studies are warranted to verify the effects of CS-PRP on long bone defects in clinical applications.
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